I. INTRODUCTION
Advances in power semiconductor device technology has led to the widespread use of AC drives using advanced control techniques such as field oriented control or direct torque control (DTC). However, in spite of the robustness of variable speed AC drives, the requirement of a shaft mounted speed sensor renders them less attractive.
Estimators, observers and spectral analysis methods [1, 2, 3, 4] are the frequently used techniques for sensorless speed estimation. The performance of speed estimators depends on the accuracy of the machine model and parameter estimator. Observers for speed estimation have a relatively long delay time that can limit speed detection during a transient. The resolution obtained with spectral analysis is restricted by the uncertainty principle represented by the Heisenberg boxes [5] , shown in Fig.1 . Ridges algorithms [5, 6] can solve this problem efficiently.
The short time Fourier transform (STFT) is a practical tool to measure the frequency variations in time. The time-frequency information is contained in plane boxes called atoms, defined by the spread in time and frequency that contain enough energy density to be useful in signal processing. When a classical window is employed (Gaussian, Hanning, Hamming, etc.), the information is spread over a rectangular atom in the timefrequency plane; this atom area is minimum when a Gaussian window is used. In the STFT, the atom rectangle is the same at all time instants for every window, Fig.1 .
The instantaneous frequency can be obtained from ridge analysis, thereby increasing the time-frequency resolution of the Heisenberg boxes. This method has been widely applied in sensorless speed estimations of AC machines [2, 3, 4] .
. Heisenberg boxes for STFT using the window g(t).
Wavelet analysis is a more general transformation and is also based on internal products of functions. However, in this case the concept of scale replaces the frequency variable of the Fourier Transform. Although the Heisenberg atom area is not smaller than in the STFT with a Gaussian window, the time or frequency resolution can be conveniently changed using different scales, increasing one variable and decreasing the other (equal area atoms). This idea is illustrated in Fig.2 .
This additional degree of freedom can improve the angular speed resolution (including the low speed range), in transient or steady state operation. The instantaneous frequency information can be obtained using a few scales appropriately chosen with a base 2 logarithmic distribution, ridge algorithm can also be applied in this case to obtain the instantaneous frequency, as with the STFT, to increase the time-frequency resolution [6] . In this paper, the stator current of an induction machine with a DTC drive [7, 8, 9, 10] , is analyzed using the analytic wavelet transform and the STFT. The results obtained are compared with the angular speed measured with a high-resolution optical encoder.
Wavelet analysis has been applied to reduce torque ripple in DTC drives [11] . Using the same coefficients obtained in this application, the proposed technique can be extended to obtain the angular speed, with just the additional use of the ridges algorithm.
II. TIME-FREQUENCY ANALYSIS

A. Short time Fourier transform
The frequency content of the stator current spectrum as a function of time can be analyzed using the STFT, also called windowed Fourier transform (WFT). In the STFT, a Gabor atom, ) ( , t g u ξ , is used to measure the frequency variations in a time signal [2, 4, 5] . A family of time-frequency Gabor atoms is obtained by modulating the real and symmetric function (window), ) (t g , by the frequency ξ and translating it by u , ) ( ) (
The STFT of the function ) (t f at a particular time, u , and frequency, ξ , is:
The spectrogram of the function ) (t f is the energy density of this signal and can be defined as:
The spectrogram can be represented in a three dimensional plot and its ridges represent the instantaneous frequency,
The resolution in time and frequency of the STFT depends on the spread in time and frequency of the selected window (Rectangle, Hamming, Gaussian, Hanning, etc.). This area is minimum ( 2 1 ) when the Gaussian window is used [5] .
B. Analytic wavelet transform (AWT)
To analyze the frequency content of the stator current spectrum as a function of time using the wavelet transformation, it is necessary to use an analytic wavelet, ) (t ψ [5] . A family of time frequency wavelet atoms is obtained by scaling the wavelet function, ψ , by s and translating it by u ,
The wavelet transform of ) (t f at a particular time, u , and scale, s ,is,
The Fourier-Parseval formula can be used to calculate the wavelet transform using the frequency information,
An analytic wavelet can be constructed by modulating the frequency ( 
The Fourier transform of the Gabor wavelet is,
The Fourier transform of
by s 1 , and can be obtained as,
The inverse Fourier transform of the frequency function obtained by multiplying
. Equations (7) and (11) give a simple and fast method to obtain the AWT using the classic FFT algorithm. If an analytic wavelet function is chosen, its Fourier transform is known; hence, computational complexity can be reduced by using the FFT to obtain the Fourier transform of ) (t f and the inverse Fourier transform for each scale, s , under analysis. The number of required scales depends on the frequency spectrum being analyzed.
An analytic wavelet transform defines a local timefrequency energy density,
This energy density is called a scalogram and can be represented on a three-dimensional plot. The instantaneous frequency ) (t ξ can be obtained directly from the ridge algorithm defined over the scalogram [6] . The instantaneous frequency ) (t ξ is related to the ridges of the normalized scalogram, ) , (
The scalogram defined in (13) is linear in the time axis, but logarithmic (base 2) in the scale axis. To obtain a linear frequency spectrogram, similar to (3), logarithmic interpolation and application of (14) are required.
C. Ridges algorithm
The instantaneous frequency defined in (4) can be estimated by ridges detection in the spectrogram. The spectrogram can be obtained using any time-frequency transform such as: STFT, AWT or Wigner-Ville. However, the signal, ) (t f , can contain several spectral lines.
In this case some additional considerations are necessaries for frequency discrimination. Suppose that the signal is composed of several frequency components, 
If AWT is applied, instantaneous frequencies can be discriminated when the following bandwidth relation is satisfied [5] , Errors between reference and estimated values of torque and flux are used to switch the inverter devices according to the classical DTC scheme [7, 8, 9, 10] .
The squirrel cage motor is started without load, using 3.0 Nm as the reference torque and 0.6 Wb as the flux reference. After the acceleration process, the torque is not maintained at its reference value; the DTC algorithm can only adjust the stator flux when the final speed is reached. Fig.3 shows the electric torque during the no-load start up of the induction motor at constant torque and flux (
). Fig.4 shows the space vector diagram of the stator flux under the same condition.
An optical incremental encoder with 1024 ppt is coupled to the motor shaft to perform a direct measure of the angular speed. The DTC algorithm reads the incremental count each 10 ms and calculates the speed. Fig.5 shows that the angular speed obtained by the encoder. Observe that the speed increase is not linear, even though the average torque during this time is constant. This is due to the non-linearity of the mechanical load in the low speed range (static and dynamic friction). Fig.6 shows the current in one phase during the start up. The stator current has some harmonic components related to the inverter operation (variable frequency commutation), and others given by the slot harmonics. A digital, second order Butterworth band pass filter (50 Hz -500 Hz) is used to preprocess the stator current signal. In this way, some interference frequencies coming from the inverter as well as the fundamental component are eliminated. The filtered signal is shown in Fig.7 . The filtered signal in Fig.7 has information about the slot harmonics and hence, angular speed. The spectrogram ) , ( ξ u f P S shown in Fig. 8 , is obtained using a Gaussian window with 50 points. Fig. 9 shows the instantaneous frequencies after the use of the ridges algorithm and contains areas of no information, or breaks in the curves. This is due to interference from the inverter produced harmonics. Fig. 10 contains the details of the spectrogram at the time instant t=0.5 s, to illustrate the ridges detection in Fig. 9 . It is clear that the use of the ridges algorithm improves the frequency resolution from Fig. 8 to Fig. 9 . Fig. 12 shows the instantaneous frequencies after the use of the ridges algorithm. In this case less information is lost in the transients and that the resolution is better than that of Fig. 9 . Fig. 13 shows the spectrogram at the instant t=0.5 s, and the detected ridge. It is interesting to note that the ridges in Fig. 12 of the AWT near this point (t=0.5 s) have an oscillation not detected by the opto-encoder (Fig.5, 10 ms between samples) or the STFT, probably because the resolution of the wavelet method is better than the others. In general the AWT algorithm can track fast fluctuations better and can be used for measuring the rotor speed of AC machines.
Faster ridge detection is obtained when the AWT spectrogram is used, because it is a smoother function than the STFT. Computation time required by AWT is approximately 40% lesser than STFT because the spectrogram is obtained with only 6 different scales and interpolation of 12 voices per scale (2048x72). The STFT requires 2048 FFT to perform a similar task (2048x2048). All estimations are obtained with off-line processing. A conventional FFT algorithm is used to calculate the AWT. 
CONCLUSIONS
The AWT has been shown to be suitable for measuring the rotor speed of AC machines, during transient or steady-state condition, over the entire speed range. The method can be implemented in real time on a DSP. Compared to the STFT, a better resolution is obtained during transients in the speed with the AWT, even in the low speed range. The FFT algorithm can be adapted for wavelet transformation or a fast wavelet algorithm can be used to perform the real time calculations. The method can be integrated into DTC drives that use wavelet torque filters with a little increase in computation time. The ridges algorithm is a simple and powerful way to improve the time-frequency resolution for sensorless speed estimation.
